1. Many species of forest Lepidoptera have cyclic population dynamics. Although there are numerous potential causes, including interactions with predators, parasitoids, pathogens, and food-plant quality, strongly density-dependent interactions are often difficult to demonstrate. Both autocorrelation analysis and attractorreconstruction methods have recently been applied to a number of species' time series. Results suggest that complex dynamics, i.e. cycles or deterministic chaos, may be more prevalent than once thought, and that higher-dimensioned models are necessary. 2. We develop a two-dimensional difference equation model that relates the average quality of individuals to patterns of abundance. The delayed density dependence is caused by transmission of quality through generations via maternal effects. We show that the maternal effect model can produce patterns of population fluctuations similar to those displayed by one class of host-parasitoid models. 3. We review empirical evidence for maternal and quality effects in dynamics of forest Lepidoptera. We fit the maternal effect and delayed logistic models to six species of forest moths for which delayed density dependence and maternal or quality effects have been found. The maternal effect model was a good predictor of the period of the oscillations for the species that we examined. We discuss why models of this type give better fits to moth cycles than do first order models with added delays.
Introduction
Ecologists generally recognize two groups of animals as including species with cyclic population dynamics: small mammals (and their predators) and forest insects. Among the insects the most striking examples are from Lepidoptera of the temperate zone. A recent review (Myers 1988 ) lists 18 forest moth species whose population densities are known to oscillate. Unravelling the causes of such oscillations is not only of theoretical but also of practical interest, since many of these moths are economically important forest pests.
In one sense, of course, we know what causes population cycles: true oscillations can only arise via density-dependent regulation, and only if such regulation involves a time delay (Hutchinson 1948; Caswell 1972; May 1973) . In other words, the system oscillates only if there are delayed negative feedbacks (Berryman 1987) . In univoltine insects, like moths of the temperate zone, we expect that regulatory processes will involve time delays; this allows such systems to be modelled with difference equations (Royama 1981) . However, the role of density dependence in population regulation remains controversial (e.g. Wolda 1991; Berryman 1991) despite the suggestion that the long-term persistence of populations by itself implies some form of regulation (Royama 1977) .
Are forest Lepidoptera regulated by densitydependent processes? For animal populations in general, the answer to such a simple question seems to be nearly as elusive today as it was decades ago. There are several methods available with which one can test for density dependence, but all apparently have inherent problems when applied to available data. One can, for example, analyse life-table data (Dempster 1983) using methods originally formulated by Morris (1959) (Solow 1990 ). When applied to forest moths, results of these methods are often mixed. For example, reviews of published life tables by Dempster (1983) and by Stiling (1987 Stiling ( , 1988 were done specifically to assess the evidence for regulation in moths and other insects. Both authors reached similar conclusions, i.e. that the majority of species have no clearly demonstrable density-dependent regulatory factor. The earlier paper by Stiling was specifically concerned with the effects of parasitoids, an ofteninvoked explanation of moth cycles. Dempster's analysis (of 24 Lepidopteran species) suggested that the few cases of parasitoids acting as regulating agents were equivocal at best, and that all other forces shown to be density-dependent (reduced fecundity, starvation) involved intraspecific competition, which would only be important when the population approached the carrying capacity. In view of their results, both authors suggested that 'ceiling' models might be more appropriate for describing insect dynamics. Other factors besides natural enemies have been suggested as possible cases of moth cycles, for example changes in foodplant quality (Rhoades 1985 ) , but again the evidence is most often equivocal (Myers 1988; Larsson 1989) .
In contrast, recent statistical analysis of insect time-series suggests that many species are affected by some form of delayed regulation. Two studies have addressed the question of whether or not insect time-series are indicative of complex dynamics, i.e. cycles or deterministic chaos. Witteman, Readfern, & Pimm (1990) used autocorrelation analysis and attractor reconstruction methods to analyse a number of vertebrate and invertebrate time series. Turchin (1990) used partial autocorrelation functions and a general second-order nonlinear model to analyse time-series from 14 insect species, nine of which were forest moths included in the Dempster and Stiling papers. Turchin (1990) found that seven moth series had partial autocorrelation functions characteristic of a second-order autoregressive process. In other words, while it might be true that usual life-table regression methods did not detect any apparent regulation, such regulation was operating but with a lagged effect. Witteman et al. (1990) drew the same conclusion. They showed that several species' time-series indicated a low dimensional attractor, usually two or three dimensions being sufficient to embed the system. Further analysis by Turchin & Taylor (1992) Turchin (1990) were the first to broadly apply analytical methods of timeseries analysis for the sole purpose of determining the proper dimension with which to begin modelling. Turchin & Taylor (1992) then took the next logical step in applying time-series modelling to populations with delayed regulation; they used response-surface fitting to reconstruct the dynamic patterns of these species. Other researchers working with moths subsequently applied Turchin's (1990) Woiwod & Hanski 1992) . One point seems, to us, to be both clear and of great importance: although constructing an actual attractor may be problematic, the dimension with which to begin is often greater than one, with two dimensions usually sufficient to embed the system. With univoltine species (which have natural time-lags in multiples of 1 year), it is not likely that truly first-order dynamics will resemble a second-order process unless the population is subject to external noise that is autocorrelated (Royama 1981 Stiling (1987 Stiling ( , 1988 and Dempster (1983) present something of a conundrum. On the one hand, there is good evidence that a biologically important second dimension exists in many univoltine insect species. On the other hand, strongly density-dependent trophic interactions are often difficult to demonstrate, whether that interaction is with natural enemies (Hassell 1985) or with food plants (Myers 1988; Larsson 1989) .
In this paper we offer a two-dimensional model that does not involve a trophic level interaction, yet is based on a well-known aspect of the biology of forest moths. Our proposed second dimension is the average quality of individuals within a population. The model differs formally from other population quality models in that the transmission of quality between generations is via maternal inheritance. In our analysis of the model we show explicity that maternal effects can produce cycles that might be indistinguishable from those caused by a hostparasitoid interaction. We review evidence from empirical work suggesting that maternal quality effects are important regulatory forces in moth populations. Finally, we fit the maternal effect model to empirical data from six species of forest moths. The model is shown to be a very good predictor of the cycle period for all the species that we examined. We give a simple mathematical argument for why models of this type give better fits than first-order models with time delays.
The Model
The assumptions 1. Fecundity of females, and the survival of immatures to adulthood, are functions of individual quality. Normally this quality will relate to energy: the amount that a female moth has stored for reproduction, or the average size or weight of larval/ pupal stages. However, other quality measures can be used; these might include the level of viral or protozoan parasites transmitted transovarially, or the level of disease resistance in immatures due to maternally influenced physiological vigour. 2. Offspring quality is a function of maternal quality. In other words, there are maternal effects. 3. Average quality is influenced by population density in the current generation. This can result from intraspecific competition for limited resources, or from other effects in the current generation, for example shifts in food quality due to high levels of herbivory.
The exact way in which the average individual quality is measured need not concern us here; some simple measures might be the dry weight of female pupae, or the caloric content of individuals exploded in a calorimeter. Our requirement is simply that mother-daughter relationships can be made, and that fecundity can be expressed as a function of the quality variable. Hereafter, for the sake of brevity, we will refer to average individual quality simply as 'quality'.
The equations reflecting the above assumptions have the form: Models that generate neutral cycles are of course pathological from a biological viewpoint (May 1976 ). Modification of equation 6 to produce true 'limit' cycles can be done in any number of ways by adding one or more parameters. Available data do not allow us to distinguish between different modifications, but our main conclusions do not depend on the exact form of the functions. A functional sensitivity analysis that begins with model 6 is given in Appendix 2.
In comparing the behaviour of the maternal effect model to that of other published two-dimensional discrete models, we found that similar dynamics are produced by the following class of host-parasitoid equations: 
MOTHS
Population quality as a factor in the dynamics of moth populations is generally known from the work of Wellington (1957) , who studied the western tent caterpillar Malacosoma pluviale. Larval tent caterpillars could be classified into various types, depending on the amount of yolk provided by the female moth. These larval types displayed large differences in their survival, behaviour, disease resistance and dispersal ability (Wellington 1960 ). The survival and eventual fecundity of the larval forms was influenced by maternal quality. The highest quality larvae (Type I in Wellington's terminology) laid more eggs, and more of the high-quality type, when all larval types were fed to repletion (Wellington 1965 ). The biology of the tent caterpillar is in broad outline typical of many forest Lepidoptera. Females generally lay clutches that number in the several hundreds. The first eggs laid often receive a disproportionate amount of yolk, and quality of the larvae often depends on the amount of maternal provisioning. Larval quality influences factors such as weight at pupation, which affects subsequent fecundity (Szujecki 1987 Differences in larval quality forms within outbreak populations have also been seen in another forest insect, the sawfly Acantholyda nemoralis. Novikova (1969) described two forms of sawfly in this species: an early form with larvae less susceptible to natural enemies, and a late form that had more rapid reproduction and a higher proportion of females. Proportions of the two forms in the population changed as numbers approached outbreak levels. Sawflies, it should be noted, are the major forest insects besides lepidopterans that display cyclic or outbreak dynamics (Larsson & Tenow 1984) .
Recently there has been renewed interest in the Wellingtonian ideas. Myers (1990) , working with Malacosoma, has shown that transplanted tent caterpillars tend to oscillate in phase with the parent population. Rossiter 1990, 1991a,b) has made quantitative genetic studies of the gypsy moth Lymantria dispar in regard to maternal effects and population regulation, and has suggested that maternal effects are an important factor in the cause of outbreaks (Rossiter 1991c) .
It is worthwhile here to mention the gypsy moth in greater detail, since it is this species that has perhaps been most extensively researched with regard to the 84 Population cycles of forest Lepidoptera type of effects that we discuss in the model. We have found in the literature evidence for all of the relationships postulated by the maternal effect equations. For example, Rossiter (1990) found that larval quality and various life-history traits were influenced by the amount of maternal provisioning (function cp(x)), and that the rate of larval development was influenced by density in the current generation (function cp(Nt+1)). The last result was also found by Campbell (1978). Capinera & Barbosa (1976), in laboratory studies, found that larvae from small eggs go through more instars and lay more, smaller eggs (function f(x)); they discuss the Wellington hypothesis. Finally, both Lance, Elkington & Schwalbe (1986) and Leonard (1970) proposed population quality hypotheses for the gypsy moth; for example, from Leonard: 'Evidence is presented to suggest that the gypsy moth ... is numerically self-regulating through a shift in quality of individuals induced by changes in nutrition. ' More discussion of empirical research on maternal and quality effects may be found in the next section, which considers moth species individually.
MODEL FITTING
In this section we fit the maternal effect model to the moth species listed in Table 1 . We chose species on the basis of the following criteria: (i) only univoltine forest moths were considered; (ii) at least one reference for each moth has suggested that the species is regulated by delayed density dependence; (iii) quality and/or maternal effects have been suggested or demonstrated for each species; (iv) a time-series exists for that species that is adequate for use in estimation of model parameters.
(Some readers may wonder why we did not choose to include the larch moth Zeiraphera diniana in our analysis. The reason was that we had a priori evidence that Z. diniana should be described by a higher order model (Royama 1977; Turchin & Taylor 1992) , with N,+? a function of N,,N,-,, and N,-2. We will comment further in the Discussion section).
As a contrasting two-dimensional non trophiclevel model, we also fit the data to the well-known delayed logistic equation: 
Estimation of Parameters
Before fitting the models to empirical data we must discuss several potential pitfalls. To our knowledge there are no experimental results that would allow us to make independent parameter estimates for the f and cp functions. The alternative is to take advantage of the embedding theorem of Takens Thomson (1958) found that microsporidian parasites could be transmitted transovarially. Royama (1984) has concluded that the survival of late instar larvae is the factor driving oscillations in C. fumiferana. Suggested causes of the oscillating mortality in old larvae were parasitism and an unknown 'fifth agent'.
The long cycle period of C. fumiferana makes estimation of the parameter R somewhat difficult, since we only have census data for slightly less than one cycle (Morris 1963; Royama 1984) , and this time-series actually consists of two from different localities. The regression converged to values of 1-05 and 2 54 for the two parts of the data set. The true value is probably somewhat between these two extremes. Turchin (1990) 
Summary
The maternal effect model predicts cycle periods that are close to the observed value for all six species. The logistic model predicts stability for three species. Of the remaining three, two (A. variana and E. autumnata) are predicted to cycle with periods 1 year less than the observed value. Both models accurately predict the period for Lymantria dispar.
The computer simulations yielded two new predictions. First, only a very small bit of non-linearity in the maternal effect is necessary to induce limit cycles. Second, the parameter M often seems biologically realistic, being usually around 2-3, i.e. one order of magnitude in the natural logarithm.
The results strongly suggest that a maternal effect model would be a better predictor of the dynamics than would a logistic-type model with a time delay. As we have stated above, a host-parasitoid model of the form of equation 7 should be able to do as well. Clearly, there is something in the mathematical form of the two models that more realistically describes the dynamics. We offer the following argument for why this is so.
Throughout this paper we have used the terms 'cycle' and 'oscillation' interchangeably. Most population biologists might do the same. Let us return, however, to a statement made above concerning models 6 and 7: the fact that the period of the cycles increases as the value of the growth parameter decreases. In logistic models the opposite is true: increasing r increases the period of the cycles. An approximation to models 6 and 7 can be written as The parameter k represents the magnitude of the effect that the population density has on change in growth rate; it is analogous to a restoring force in our physical analogy. This is how the growth parameters affect cycles in the maternal and hostparasitoid models. But since in logistic models with delay the opposite is true, these models are not true 'oscillators' in the above sense. As Fig. 3 suggests, oscillator models should yield better statistical fits for the species we discuss.
Discussion
The possibility of natural populations undergoing complex dynamic changes has been discussed ever since the discovery that even the simplest models can display chaotic behaviour (May 1976 ). Finding cases of complex dynamics in the real world, however, has proven to be a more difficult task. Why should this be? In our opinion two issuesdimensionality and mechanism -are crucial to our understanding of populations as dynamic systems. It is our guess that the reason for not considering higher-dimension models at the outset was the prevailing opinion that delayed density dependence must arise from a trophic interaction, and that the evidence for such was and is difficult to demonstrate (Hassell 1985) . Consider the arguments proposed by Dempster (1983): in most lepidopteran studies, density-dependent interactions with predators or parasitoids are unclear, while all other forces shown to be (direct or delayed) density-dependent, such as reduced fecundity, would only be important when the population size approached the carrying capacity. However, if the maternal effect model is correct, the above conclusion does not follow; rather an individual's fecundity at any population size is a function of its quality, the quality of the last generation, and 88 Population cycles of forest Lepidoptera the amount of resource available in the environment.
It has already been pointed out (Royama 1981 ) that one cannot infer a causal density-dependent relationship from correlations with mortality. If population quality and maternal effects are the driving force behind moth cycles, then the usual mortality agents (pathogens, parasitoids) may be the proximal causes of an individual's death; yet that individual might be destined to die anyway because it is of low quality. Of course, the converse is probably true: if cycles are really caused by interactions with natural enemies, then one might find correlations of mortality with quality.
Besides interactions with natural enemies, the other quality mechanism considered important in insect population dynamics is the change in hostplant food quality due to levels of herbivory. Such changes have been noted for many forest moth systems (Lesniak 1973 The linking of maternal and trophic causes can also be done with viral or protozoan parasites that are transmitted transovarially. We mentioned this in our short discussion of the spruce budworm (Thomson 1958) . The maternal effect model thus provides an alternative framework for describing interactions with these natural enemies as well.
Since we have shown that population quality and maternal effects can generate cycles indistinguishable from those caused by interactions with natural enemies, only empirical work can tell us what the true mechanisms are. We have no illusions about this being an easy task: one only need look at the controversy over endogenous vs. exogenous explanations for cycles in the red grouse in Great Britain (Cherfas 1990). In our view, the only way to distinguish mechanisms is to perform manipulative experiments. In testing population quality hypotheses, individuals should be removed from the influence of their normal extrinsic mortality agents. As we noted above, we are aware of only one such experiment, that of Myers (1990) with Malacosoma pluviale. Since the results of that study supported an intrinsic hypothesis, and since the type of maternal effects first described by Wellington (1957) seem to be ubiquitous in temperate-zone forest Lepidoptera, the maternal effect model must be considered as a strong contender for explaining cycles in forest moths. where k is a small number representing the minimum quality. We can avoid adding k as an extra parameter if we make the additional assumption that k is equal to the equilibrium quality divided by the maximum rate of numerical increase R, meaning that species with higher possible increase rates have a 
